We study the effect of in-medium mass-shift on transverse-momentum spectrum and elliptic anisotropy of φ meson. It is found that the mass-shift enhances the φ yields and suppresses the elliptic flow v2 in large momentum region, and the effects increase with increasing the mass-shift. The effects are various for different sources and decrease with increasing the expanding velocity. We further study the effects for parts of all φ meson with mass-shift, and the effects decrease with decreasing the probability of φ meson with mass-shift. Since the different mass-shift lead to different transverse-momentum spectrum and v2, our study may provide a way to restrict the ranges of in-medium mass-shift of φ meson in high-energy heavy-ion collisions.
I. INTRODUCTION
The main goal of high-energy heavy-ion collisions is to create the matter of quark-gluon plasma (QGP), and study its properties by analyzing the observables of particles in final state [1] [2] [3] [4] . φ(ss) meson is an excellent probe for studying QGP because it is sensitive to several aspects of the collision [5] [6] [7] [8] [9] [10] [11] and it is expected to have a small interaction with the hadronic medium [5, 7, 8, [12] [13] [14] [15] . However, the recent experimental data of the elliptic flow of identified hadrons in the Pb-Pb collisions at √ s N N = 2.76 GeV indicate that the φ meson may have a larger hadronic cross section than its current theoretical estimate [16] . It is still an open issue to determine the interaction between φ and the hadronic medium.
The transverse-momentum spectrum and elliptic flow of φ meson are important observables in high-energy heavy-ion collisions [6-11, 15, 16] . The transversemomentum spectrum can reveal information about the thermalization and expansion of the φ emission source [6, [9] [10] [11] , and the elliptic flow v 2 of φ meson was an important evidence for the formation of hot and dense matter with partonic collectivity [7, 8, 15, 16] . The φ meson is expected to have a mass-shift in the hadronic medium, and the mass-shift are various for several theoretical calculations [17] [18] [19] [20] [21] [22] [23] [24] . In this work, we will study the effect of in-medium mass-shift on transverse-momentum spectrum and elliptic flow v 2 of φ meson, by using the ideal relativistic hydrodynamics in 2 + 1 dimensions to describe the transverse expansion of sources with zero net baryon density and combine the Bjorken boost-invariant hypothesis [25] for the source longitudinal evolution. In the calculations, we use the equation of state of s95p- * zhy913@jsut.edu.cn PCE [26] and take the initial energy density distribution in the transverse plane as the Gaussian distribution:
, where ǫ 0 and R i (i = x, y) are the parameters of the initial source energy density and radii [27] . And the freeze-out temperature of φ is taken as 140 MeV [27] [28] [29] [30] .
This paper is organized as follows. In Sec.II, we present the formulas of the single-particle momentum distribution for boson with in-medium mass-shift. In Sec. III, the effect of mass-shift on the transverse momentum spectrum and the elliptic flow v 2 of φ meson will be shown. Finally, a summary of this paper are given in Sec. IV.
II. FORMULISM
Denote a k (a † k ) the annihilation (creation) operator of the free boson with momentum k and mass m, and the invariant single-particle momentum distribution can be expressed by
where · · · means the thermal average, and ω k = √ k 2 + m 2 is the energy of the free particle. For a homogeneous source with volume V and temperature T , the single particle momentum distribution becomes
Denote b k (b † k ) the annihilation (creation) operator of the boson with momentum k and modified mass m * (m * = m−δm) in hadronic medium. The operators (a k , a † k ) and (b k , b † k ) were related by the Bogoliubov transformation [28, 31] 
For a homogeneous source,
* is the energy of the particle in medium, and the single particle momentum distribution becomes [28, 29] 
as can be seen from equation (5) − (7), the single particle momentum distribution N (k) changes with the particle mass in medium. For hydrodynamic sources, the single particle momentum distribution of the boson without in-medium massshift was expressed as [32] [33] [34] 
and the single particle momentum distribution of the boson with in-medium mass-shift was expressed as [27] [28] [29] 35 ]
where g i is the degeneracy factor for hadron species i. The quantities d 4 σ µ (r) is the four-dimension element of freeze-out hypersurface, and u µ (r), T (r) is the source four-velocity and temperature at freeze-out. k µ = (ω k , k) is the four-momentum of the particle, and k ′ is the localframe momentum corresponding to k. If there is no massshift, the coefficients |c
will be 1 and 0, respectively. And N * (k) will be equal to N 0 (k).
III. RESULTS
In this section, we will present the results in three subsections. In section A, we will show the effect of inmedium mass-shift on the transverse momentum spectrum of φ. In section B, the effect of in-medium massshift on the elliptic flow v 2 will be shown. We further study the effect for parts of all φ mesons with mass-shift in section C.
A. Effect of in-medium mass-shift on the transverse momentum spectrum
In Fig. 1 (a) and (b), we show the normalized transverse momentum spectrum of φ meson with various mass-shift δm for the initial conditions ǫ 0 = 20 and 40 GeV/fm 3 and R x = 3 fm, R y = 4 fm. The ratio of the normalized transverse momentum spectrum with massshift to which without mass-shift is also shown in Fig. 1 (c) and (d). A small mass-shift leads to an increase in the yield of φ meson in large transverse momentum regions and thus reduce the slope of the transverse momentum spectrum, and the effect increases with increasing the mass-shift. With the same mass-shift, the transverse momentum spectrum for the initial conditions ǫ 0 = 20 GeV/fm 3 is more affected than for ǫ 0 = 40 GeV/fm 3 . With the Eq. (12) and (15), the Eq. (11) can be rewritten as
the quantity n ′ k ′ in Eq. (16) is approximately equal to the quantity n 0 k ′ in Eq. (8) for a small mass-shift, so the coefficient F 2 is the main factor for the particle spectrum.
In Fig. 2 , we show the average coefficients F 2 with various mass-shift and the ratio of F 2 to n ′ k ′ , where "-" means the average for all freeze-out points. The average coefficient F 2 is very small (see Fig. 2 (a) and (b) ) and the coefficient F 2 is positive, so the coefficient F 1 is approximately equal to 1 and the Eq. (16) can be rewritten as The ratio of F 2 to n ′ k ′ increases with increasing the transverse momentum, so the effect of in-medium mass-shift on spectrum increases with increasing the transverse momentum (see Fig. 1 ). With the same mass-shift, the average coefficients F 2 are almost the same for the initial conditions ǫ 0 = 20 and 40 GeV/fm 3 . The high initial energy density leads to a large expanding velocity and thus increases the yield n ′ k ′ for large transverse momentum, so the ratio of F 2 to n ′ k ′ for ǫ 0 = 40 GeV/fm 3 is smaller than for ǫ 0 = 20 GeV/fm 3 for a fixed mass-shift. This is the reason for the transverse momentum spectrum for ǫ 0 = 20 GeV/fm 3 is more affected than for ǫ 0 = 40 GeV/fm 3 with the same mass-shift. In Fig. 3 , we show the v 2 of φ meson as a function of k T with various mass-shift and the ratio of v 2 with massshift to which without mass-shift for the initial conditions ǫ 0 = 20 and 40 GeV/fm 3 and R x = 3 fm, R y = 4 fm. The v 2 of φ meson for ǫ 0 = 40 GeV/fm 3 is a little higher than for ǫ 0 = 20 GeV/fm 3 when there is no mass-shift (δm = 0). The v 2 is suppressed by a small mass-shift in large transverse momentum regions, and this effect increases with increasing the mass-shift. The suppression effect for ǫ 0 = 20 GeV/fm 3 is a little stronger than for ǫ 0 = 40 GeV/fm 3 (see Fig. 3 (c) and (d)). To analyse the effect of mass-shift on v 2 , we rewrite the Eq. (18) as
In Fig. 4 , we show the ratio of N 1 (β) to N 1 (π/2) and the ratio of N 2 (β) to N 2 (π/2) for the initial condition ǫ 0 = 20 GeV/fm 3 and R x = 3 fm, R y = 4 fm. Where β is the azimuthal angle of φ meson
The ratio of N 1 (β) to N 1 (π/2) and the ratio of N 2 (β) to N 2 (π/2) can express the levels of the elliptical anisotropy of N 1 (k) and N 2 (k) in Eq. (19), respectively. The ratio of N 1 (β) to N 1 (π/2) is almost equal to the ratio of N 2 (β) to N 2 (π/2) in low transverse momentum region, so the mass-shift does not affect the v 2 in this region. However, the elliptical anisotropy of N 1 (k) is much greater than N 2 (k) in large transverse momentum region, so the v 2 is suppressed by mass-shift in large transverse momentum region. Although the elliptical anisotropy of N 2 (k) is almost the same for different δm, but the ratio of F 2 to n ′ k ′ for large δm is greater than for small δm, so the v 2 is more suppressed by a large mass-shift.
In Fig. 5 , we show the ratio of N 1 (β) to N 1 (π/2) and the ratio of N 2 (β) to N 2 (π/2) for the initial condition ǫ 0 = 40 GeV/fm 3 . The elliptical anisotropy of N 1 (k) for ǫ 0 = 40 GeV/fm 3 is a little greater than for ǫ 0 = 20 GeV/fm 3 , and thus leads to a more greater v 2 of φ meson without mass-shift for ǫ 0 = 40 GeV/fm 3 (see Fig. 3 ). The elliptical anisotropy of N 2 (k) for ǫ 0 = 20 GeV/fm When parts of all φ meson have a mass-shift, the single particle momentum distribution becomes
where p is the probability of φ meson with mass-shift. In Fig. 6 and 7 , we show the normalized transverse momentum spectrum and v 2 for parts of all φ meson with mass-shift. The effect of mass-shift on the transverse momentum spectrum and v 2 decreases with decreasing the probability of φ meson with mass-shift.
The above results indicate that the different mass-shift leads to different transverse momentum spectrum and v 2 . The ranges of mass-shift of φ meson predicted by theory can be restricted by comparing the simulated transverse momentum spectrum and v 2 to the experimental data in high-energy heavy-ion collisions.
IV. SUMMARY
In this paper we studied the effect of in-medium massshift on the transverse-momentum spectrum and v 2 of φ meson. The mass-shift leads to an increase in the yield of φ meson in large transverse momentum regions and thus reduce the slope of the transverse-momentum spectrum, and the elliptic flow v 2 of φ meson is suppressed by the mass-shift. The effects of mass-shift on the transversemomentum spectrum and v 2 increase with increasing the mass-shift. The effects also decrease with increasing the expanding velocity of the source. We further studied the effect of mass-shift on the transverse-momentum spectrum and v 2 for parts of all φ meson with mass-shift, and the effect of mass-shift on the transverse-momentum spectrum and v 2 decreases with decreasing the probability of φ meson with mass-shift. Our study may provide a way to restrict the ranges of mass-shift of φ meson by comparing the simulated transverse-momentum spectrum and v 2 to the experimental data in high-energy heavy-ion collisions.
